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Abstract

The Lower Hybrid Current Drive (LHCD) system on JET has to date achieved up to
1.5 MA of driven current. This current is carried by a fast electron population with energies
more than ten times the electron temperature and density about 10~* of the bulk plasma.
This paper discusses the effects of this fast electron population on our ability to make reliable
temperature measurements using ECE and reviews the effects on other plasma diagnostics

which rely on ECE temperature measurements for their interpretation.

1 Introduction

ECE electron temperature (T.) measurements at JET are made with antennas on the
outboard side of the tokamak. X-mode radiation is detected by a Michelson interferometer
and a twelve channel grating polychromator, while a forty-four channel heterodyne radiometer
measures either in the X-mode or O-mode. Most of the results presented in this paper are
from the Michelson interferometer. It is absolutely calibrated, with an estimated systematic
uncertainty of +10%, and has a spectral resolution of 15 GHz, corresponding to a spatial
resolution of ~ 0.15 m. Its temporal resolution is 15 ms. The grating polychromator measures
at twelve fixed frequencies and has a faster temporal resolution (10 us) and is cross-calibrated
against the Michelson interferometer. The heterodyne radiometer is described in Bartlett,
1992.

ECE T, measurements at JET use the optically thick second harmonic X-mode. In
thermal plasmas, overlap of the third harmonic limits the innermost radius for 7, measure-
ments to about the plasma centre. On the outboard side, the first and second harmonics are
overlapped at about the plasma edge. Frequencies in the first harmonic range encounter a
non-propagating region formed by the upper hybrid resonance and the upper cut-off. This
region lies between the first and second harmonics, as shown in figure 1.

In this paper, we use thermal emission and thermal resonance to refer to phenomena
associated with the Maxwellian (thermal) electron population. Non-thermal emission is used

to refer to the emission by the LHCD generated electrons.

19



Fig.1 Schematic showing frequency 400
versus radius for the electron cyclotron

resonances, and the non-propagating re-

gion between the upper cut-off and the
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which propagates to the antenna (solid
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downshift which is reabsorbed by the 100
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For the energy range of the Lower Hybrid (LH) generated fast electrons (50-150 keV),
the frequency of emission is subject to a significant relativistic downshift:

7l Wee e (R)
= « cc_—__E , =1,23...,
¥(1 — By cos )’ “ mo n=123 1)

where e is the electron charge, my the electron rest mass, R the tokamak major radius,

w

72 = (1 — B?)~, B = v/ec, c is the speed of light, v, the velocity component along the
magnetic field and 6 is the angle between the line of sight and the magnetic field. The

antennas are oriented so that § ~ 90°.
Figure 1 also illustrates four different cases of downshifted emission which are relevant

to the part of the spectrum used for T, measurements. In case (i) the second harmonic down-

shifted emission can propagate to the antenna because the downshift changes the frequency
to one which is not re-absorbed by the thermal component of the plasma, whereas in case

(ii) the same downshift of emission at a smaller major radius results in reabsorption by the
second harmonic thermal resonance. In case (iii) the downshifted third harmonic reaches the
antenna because the strongly absorbing second harmonic thermal resonance is located behind
it. When the downshift is large, as in case (iv), reabsorption by the thermal second harmonic
again prevents the radiation from escaping. The downshifted emission of cases (i), (ii) and
(iv) does not affect our second harmonic temperature measurements (although case (i) can
be used to investigate the fast electron population, Ramponi 1992). It is the emission by the
electrons of case (iii) which may perturb ECE T, measurements.
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The purpose of this paper is to determine to what extent the ECE T, measurements in
the core plasma are affected by emission from the fast electrons generated by LH power, and
to review the consequences of this emission on other diagnostics whose interpretation relies
on ECE T, measurements.

2  Qualitative explanation of ECE behaviour during LHCD

Recalling that the kinetic energy K = moc?(y? — 1), and using a vacuum magnetic field

profile, B(R) = ByRo/R, where By = B(Ry), the emission at a fixed frequency w in harmonic
n can come from electrons at any radius R with energy K satisfying

511

R = nemoBoRom,

n=1,23..., (K in keV), (2)

as shown in figure 2. Each of the curves on this figure corresponds to a fixed emission fre-
quency. The upper three curves show the radii where downshifted third harmonic is emitted,
as a function of electron energy. The three lower curves are the downshifted second harmonic
radii for the same frequencies. The horizontal lines show the radii where the thermal elec-
trons emit in the second harmonic for these frequencies. Downshifted third harmonic from
high energy electrons, which is emitted from radii inboard of the thermal second harmonic
radii, will be re-absorbed and not seen by antennas viewing the plasma from the outboard
side. There is therefore an upper energy limit for the observed downshifted third harmonic,
as shown by the vertical line.
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Fig.2 Radius versusenergy curvesfor threefixed Fig.3  Radiation temperature spectra measured

frequencies. The three curves on the upper right
correspond to downshifted third harmonic emission,
while those on the lower left are for downshifted sec-
ond harmonic. The corresponding thermal second
harmonic radii are shown as horizontal lines. The
upper energy limit for which third harmonic emis-
sion can be seen ig the intersection of the horizontal
lines with the third harmonic resonances.
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by the Michelson interferometer before (solid line)
and during (dashed line) a LH pulse. The frequency
range of the first few (thermal) harmonics is indi-
cated. The low frequency region of the spectrum
corresponds to case (i) of figure 1.



Radiation temperature spectra measured by the Michelson interferometer before and
during a Lower Hybrid pulse are shown in figure 3. The spectrum shows clearly the effect
of the fast electron population, but is quite different to that observed in the runaway regime
where intense emission is seen across the whole frequency range (Costley, 1974). This is
explained by our expectation of a fast electron population with limited energy range (50
to 150 keV) and low density (~ 10~* of the bulk plasma). The low frequency region of the
spectrum, corresponding to cases (i) of figure 1 shows a strong non-thermal perturbation, with
little emission from the thermal first harmonic reaching the antenna. At higher frequencies,
where the thermal second harmonic resonance enters the plasma edge and rapidly becomes
optically thick, the non-thermal feature experiences a sharp cut-off due to re-absorption.

The spectral region where the thermal second harmonic is optically thick is not signif-
icantly modified by the non-thermal emission of the fast electrons. As shown above, the
non-thermal contribution at these frequencies 18 downshifted third harmonic, which is emit-
ted by fast electrons between the thermal second harmonic layer and the antenna. Since
this non-thermal emission is weak (radiation temperature < 400 eV, see figure 3), relative
to the black-body level for the fast electrons, it must be optically thin. The fast electrons
therefore re-absorb very little of the thermal second harmonic radiation, and for this part of
the spectrum we can treat the emission by the fast electrons as a perturbation added to the
thermal emission:

Trap(ECE) ~ T, + Trap(non-thermal), (3)

where Trap(ECE) is the total emission, T3 is the thermal second harmonic emission (T, = T,)
and Trap(non — thermal) is the emission of the fast electrons.

3 LH power modulation measurements

As a first step to determine whether or not the non-thermal perturbation in equation
(8) is significant (in relation to T, or the change in T, due to heating by the LH power), we
examine some measurements made by the grating polychromator during LH power modula-
tion experiments. Figure 4 shows the results of such a measurement. Below the LH power
waveform (top trace) is shown the output of a polychromator channel measuring at a fre-
quency just below the thermal second harmonic at the plasma edge, i.e. in the region where
downshifted emission from the fast electrons dominates. The signal level increases by a factor
of two when the LH power is on. The next trace is the signal from a polychromator channel
measuring at a frequency corresponding to the plasma centre for the thermal emission. It also
shows a substantial increase during the injection of LH power. Since the variation in other
plasma parameters is small, it is possible to determine whether or not this increase is due
solely to a temperature rise by comparing the apparent rate of rise of electron energy with
the level of injected power. The fourth trace on figure 4 shows the apparent electron energy
W, = f Trap ne dV (where the integration is made over the whole plasma volume) and the
bottom trace compares the time derivative of this quantity with the Lower Hybrid power
waveform. The maximum dW, /dt ~ 1.2+ 0.2 MJ/s is greater than the LH power ~ 0.8 MW,

showing that there is an overestimate of ~ 20% during both switch-on and switch-off of the
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Lower Hybrid power. It follows that, at least during the transient effect of the switch-on and
off of LH power, the ECE signal cannot be entirely attributed to a temperature increase. In
order to quantify this effect, we compare ECE and LIDAR measurements in steady state.

Fig.4 Data obtained during LH power 1.0 #22825
modulation. Trace (a) is the LH power. ’;‘ ' (a) ‘ '
Trace (b) and (c) are the signals from S 8 ’ \
two polychromator channels measuring 0.5
at frequencies for which the thermal sec- 0.0 k ] / 1\
ond harmonic resonance is just outside 750
the plasma, and at the plasma centre. <
Trace (d) shows the apparent total elec- 2
tron stored energy calculated from the
ECE and electron density signals, while
trace (e) compares the time derivative ~ B
of this energy (solid line) with the LH 3 (e)
power waveform (dashed line). ' 2.5
2.0 1 1
0.30 -
= 2% ()
E 0.25+ 1
(7]
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time (s)

4 Determination of the non-thermal perturbation by comparison with LIDAR

The LIDAR (Light Detection And Ranging) Thomson scattering diagnostic (Salzmann,
1988) combines the Thomson back-scattering process with the LIDAR time-of-flight method
to measure radially resolved T, profiles. A short (300 psec) ruby laser pulse traverses the
plasma along the major radius in the mid-plane. The spectrum of light backscattered by the
electrons is recorded as a function of time as the light crosses the plasma, and analysed in the

usual way to give T.. The spatial resolution, determined by the duration of the laser pulse
and by the response time of the detection system, is about 0.1 m, while photon statistics

give rise to a random error on the T. values which is typically 7% of the central electron
temperature (T.,).

Fast electrons of energy greater than about 50 keV contribute only to the far wings of the
Thomson scattered spectrum, which in the case of the LIDAR diagnostic on JET are outside
the detection channels of the spectrometer. Moreover, because the fast electron density is
low (=~ 10~* of the thermal plasma density), their contribution to the scattered spectrum is

below the LIDAR detection limit. Hence, it should be possible to determine the perturbation
of the ECE radiation temperature during LHCD by using the LIDAR measurement of T, in
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equation (3):
Trap(non-thermal) = Trap(ECE) — T.(LIDAR). (4)

There are two difficulties with this analysis. Both the random error of the LIDAR
measurements and the systematic uncertainty of the ECE measurements may be larger than
the non-thermal perturbation. To overcome the LIDAR statisical errors, the comparison is
made for a large number of measurements. To overcome the problem of a possible systematic
difference between the two diagnostics, the ECE and LIDAR are compared in thermal plasmas

(i.e. without Lower Hybrid) to obtain a correction factor, x. The Trap(ECE) emission of

equation 4 is therefore the measured emission scaled by the factor 5. It should be noted that
for this analysis, it is a matter of convenience that the ECE values are scaled to agree with

LIDAR, rather than the reverse. The values of « are always close to unity (x ~ 0.9), so that in
this analysis (which has uncertainties much larger than 10%) it makes no practical difference
which diagnostic is assumed to have the systematic error. To minimize any spurious effects
due to the slightly different sightlines of the two diagnostics, the different radial resolutions
and uncertainty in the radial position of the ECE profile (due to the uncertainty in the
calculation of the magnetic field), the profiles are averaged over a radial interval of 0.2 m.
The calculation is made at six radial positions, from 2.8 m to 4.0 m.

The limited quantity of data which is available does not allow the analysis to be made
separately for many different plasma regimes. For example, Ion Cyclotron Resonance Fre-
quency (ICRF) heated plasmas have been excluded from this analysis, because of the large
variety of input powers and the possible direct interaction of LH generated fast electrons with
ICRF (Gormezano, 1991). The principal difference between the different plasmas used in this
analysis is in the electron temperature, which varies with the level of LH power and other
additional heating methods, but is also correlated with the electron density. The central
density varies between ~ 2.5 10'® to ~ 3.5 10'® m~3 for these discharges.

Since LH current drive efficiency scales with T, (Gormezano, 1992), the data have been
subdivided into low ( T., < 3 keV) and high (T., > 3 keV) temperature regimes. The

high 7. pulses are also generally lower density. This subdivision has been dictated by the
limited number of data available for this analysis, which does not allow a study of the density
parameter as well. A direct comparison of the non-thermal perturbation for low and high T,
plasmas is therefore not possible.

Fig.5 Example of the analysis of the 1.00 T " .

non-thermal perturbation of the ECE
temperatures for low T, plasmas, aver- 0.75 7
aged over the radius range 2.8 to 3.0 m.

The non-thermal perturbation is calcu- % 0.50
lated according to equation 4 as a func- X%

tion of LH power. The measurements 0.25
have been arranged in groups of 10 at

the same LH power, the average value

of each group and the standard error 0.00
of the mean being plotted. The best fit

straight line through the data is shown. -0.25 %

LH power (MW)
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Figure 5 is an example of this analysis for low T, plasmas, over the radius range 2.8
to 3.0 m. It shows the non-thermal perturbation calculated according to equation 4 as a
function of LH power. Approximately 500 profile measurements have been used. For ease of
presentation, the measurements have been arranged in groups of 10 at the same LH power,
the average value of each group being plotted. The scatter in the data is large. Although
the non-thermal perturbation is probably a complex function of the Lower Hybrid power, the
scatter allows us to use only a simple model:

Trap(non-thermal) = SP(LH), (5)

where the ECE measurements have been scaled by the correction factor « defined above. The
proportionality constant, 3, is obtained by a least-squares fit on the data of figure 5. The

result in this case is § = 140 & 30 eV/MW. The fit is not constrained to pass through the

origin, but in fact is very close to doing so. This indicates that the cross-calibration of the
ECE against the LIDAR for thermal plasmas has given an accurate result. In some instances,
generally at the larger radii, the calculated intercept of the regression line is not so close to
zero. This is taken into account in the quoted errors on values of 3, but is not generally a
large effect.
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Fig.6 Deduced values of 3 (equation 5) at six F ig.7 Estimated non-thermal perturbation for

radial positions, from 2.8 m to 4.0 m, for T,, <
3 keV (filled diamonds) and T., > 3 keV (open
diamonds). The high T, pulses are generally lower
density. The horizontal bars represent the spatial

a plasma (filled diamonds) with T,, ~ 1.4 keV and
2 MW of LH power, using the 3 values of figure 6.

The open squares are the result of a calculation with
the ECLH code.

averaging, the vertical bars are the esimated total
error in the analysis.

Figure 6 shows the deduced non-thermal perturbations as a function of radius for low and
high temperature plasmas. It can be seen that the LHCD indeed produces more non-thermal
emission in high electron temperature plasmas. Moreover, the perturbation decreases with
radius. This is due to the smaller number of fast electrons between the optically thick thermal
second harmonic layer and the antenna when this layer is close to the outboard edge of the
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plasma. The general conclusion is that at LH power levels up to 2 MW, the non-thermal
perturbation of the ECE T, is =~ 5% of T., but the errors in the analysis are too large to use
this for routine correction of ECE in LH plasmas.

In figure 7 the data of figure 6 has been used to predict the non-thermal perturbation
for a plasma with T., = 3 keV and 2 MW of LH power, and the result is compared with a

simulation made using the ECLH code (Ramponi, 1992). For the simulation, some moments

of the fast electron distribution function have been estimated by matching measured and cal-
culated spectra in the low frequency region where the downshifted second harmonic emission
dominates. The simulation and the experimentally determined values of 8 are consistent in
the plasma core, but the agreement becomes poor near the edge. There are three possible
causes of this effect. The first is that the spatial distribution of the fast electrons used in
this simulation could be narrower than the actual spatial distribution in the plasmas used
in this analysis. Alternatively, the relatively simple fast electron distribution function model

used in the simulation (a single drifting Maxwellian which does not well represent the fast
electron tail for energies of the order of the thermal energy) is likely to underestimate the

contribution of the downshifted electrons for frequencies corresponding to the edge. The third
possible explanation is that the ECLH code calculates strictly X-mode emission. However
the JET ECE antennas are oriented to collect vertical polarization and therefore, because of

the poloidal field, they also collect a small component (typically 5%) of the O-mode emission.

Since the optical depth of the thermal second harmonic O-mode is small, there is no screen-
ing of non-thermal emission by the thermal component of the plasma and hence the O-mode
non-thermal perturbation may not decrease much near the plasma edge.

Further simulations are required to investigate the relative importance of each of these
possible explanations.

5 The effect of the perturbation on applications of 7, measurements
5.1 Edge 7, measurements

Edge T. measurements in thermal plasmas are reliable provided the optical depth is
greater than about 2 (Bartlett, 1990). However, it is clear from data such as that in figure 3
that in the presence of a fast electron population, much greater optical depth (> 4) is needed

to screen the intense downshifted second harmonic emission. Unfortunately, the analysis
summarized in figure 6 shows that near the plasma edge this condition is not sufficient and
T. measurements suffer a large perturbation, even though the optical depth is large. As
discussed above, the cause of this is not certain. The data show that during LHCD T,

measurements typically have perturbations greater than 10% at radii greater than about
3.8 m (.35 m from the plasma edge) so that edge T. measurements are not possible in these
discharges.

5.2  Steady state absolute 7T, measurements

The analysis of many different diagnostic measurements requires the absolute electron
temperature and its spatial profile as input. In addition to the quantities related solely to
the electrons (such as electron energy content, pressure profiles and thermal transport) the

T, profile is widely used in the analysis of spectroscopic data (eg for impurity profiles and
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transport), neutron measurements etc. It is also required in a variety of plasma modelling
calculations, such as neutral beam power deposition and pellet ablation. Moreover, since the
outputs of these analyses are often linked together to synthesise an overall picture of plasma
behaviour, the propagation of the error due to the non-thermal perturbation is very difficult
to determine.

However, the non-thermal perturbation due to ~ 1 MW of LH power is small, so that
it may not cause a significant effect in the diagnostic analysis chain. A simple example is
given in figure 8 where the behaviour of the effective ion charge number Z.g, deduced from

visible bremsstrahlung measurements, is shown during a LH power modulation experiment.
Correcting the T, profile using the result of the LIDAR comparisons results in only a small
correction to the value of Zog. The modulation of Zg is therefore largely due in this case to

the impurity influx associated with this level of LH power. At higher electron temperatures,
and higher LH power levels, the perturbation of the measured T, may have a more significant
effect.

Fig.S The upper irace is the LH power 5 1
modulation, the middle trace the Michel- =

son Interferometer measurements used
in the calculation of Zeﬁ' from visible

LN W s o 0O W

bremsstrahlung measurements (lower trace).
The time scale evolution of Zeff fol-
lows more closely the T, measurement,
with a very slow temporal resolution,
than the Lower Hybrid switch-on and
off. The dotted line shows the Zeff sig-

nal corrected for the non-thermal per-
turbation.
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53  Transient 7, changes

When the ECE diagnostics are used to make measurements of transient, localized changes
in T., valid results may be obtained in spite of the non-thermal perturbation. The reason is
that fast electrons from the whole region between the thermal second harmonic layer and the
plasma edge contribute to the non-thermal perturbation. Any localized change to the fast
electron population will therefore have only a small effect on the total non-thermal emission
level. In examining experimental data, a simple check is to look for substantial differences
in the time evolution of the signals from neighbouring channels (i.e. over a small frequency
range). Such differences must reflect local T, changes, despite the presence of the non-thermal
perturbation. Phenomena which are likely to give rise to localized T, transients which can still
be measured during LHCD include MHD oscillations, the sawtooth collapse and its associated
heat pulse.

An example of this is shown in figure 9, which compares similar sawtooth collapses in
two pulses. Both pulses have 2 MW of ICRF heating and the second pulse has, in addition,
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1 MW of LH power. The figure shows the time evolution of ECE signals measured with the
polychromator, both near the plasma centre and just outside the inversion radius. The time
evolution of the signal is the same for the two pulses.

Fig.9 Measurements with the poly- 8 1 T T
chromator for two similar pulses with 2
MW of ICRF heating. The lower traces
are from a pulse which also has 1 MW
of LH power. For each pulse, traces are
shown for frequencies corresponding to
the plasma core (upper trace) and to a
similar distance from the inversion ra-
dius, close to the mixing radius (lower
trace).

(keV)

Trad
T
1?
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6 Extrapolation of the non-thermal perturbation to higher LH power

The full JET LH system (Pain, 1989), which will increase the injected LH power from 2
MW to about 10 MW, is being installed during the present shutdown. To predict the effect of
the higher power, the fast electron density has been scaled from the present results (Ramponi,
1992), assuming the same LHCD efficiency. Figure 10 shows the emission spectrum predicted
by the ECLH code for a plasma with about 5 keV and 2 10°m~3 density in the centre, but
with the fast electron density increased by a factor 13. The effect on the second harmonic

region of the spectrum is now substantial, the perturbation being well above the systematic
uncertainties in the ECE measurements.

Fig.10 Calculated emission spectrum 40 T 1 T
of a plasma before (solid line) and dur- -—st «— 374
ing (dotted line) 10 MW of LH power. - ond .
The frequency range of the first few (ther- ; 30 - 5 ]
mal) harmonics is indicated. F H
T 20} -
° /
g i
b= : H
= . ; :
10 1 ; Ve, 7

......

oma? 1
50 100 150 200 250

frequency (GHz)
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The figure suggests that T, measurements might still be possible in the region near the
plasma edge where the optical depth is still large. However, the analysis above indicates that
this will not occur, and that no reliable temperature measurements by ECE will be possible
in these plasmas.

7 Conclusions

The behaviour of the non-thermal perturbation of the second harmonic X-mode ECE
during LHCD experiments has been explained qualitatively and investigated experimentally.
The perturbation is due to a low level of third harmonic emission by fast electrons spread
across the region between the optically thick thermal second harmonic resonance and the
ECE antennas on the outboard side of the plasma. By comparing with the temperatures
measured by the LIDAR Thomson scattering diagnostic, the magnitude of the perurbation

has been determined. Around the plasma centre, it varies from ~ 140 eV/MW of injected
LH power at low T, and high density, up to 650 eV/MW for T, above 3 keV and low density.
Closer to the plasma edge, the corresponding values are 70 and 60 eV/MW. The perturbation
near the plasma centre is consistent with code simulations, but exceeds the predictions near
the edge. Several possible explanations of this discrepancy are still being investigated.

It is difficult to quantify how the non-thermal perturbation propagates through the
interpretation of other diagnostic measurements which rely on ECE temperature profiles. In
cases which have been investigated, the expected level of perturbation of the ECE is small so
that there is little consequence for the other measurements. In the case of transient, localized
changes to the electron temperature, the ECE measurements can still be used since the non-
thermal perturbation always originates from a large range of major radius and is therefore
little affected by the localized change.

We use the systematic uncertainty in the absolute spectral intensity measured by the
Michelson interferometer (+£10%) as the criterion for determining the significance of the non-
thermal perturbation. In present experiments the perturbation is generally less than 5%, so
the T, data may still be used, with some reservations. Extrapolating the present results to
the power levels expected when the full LHCD system is operational shows that perturbations
well above the 10% level are expected, and ECE T, measurements are likely to be unreliable.

Future work in this area will be aimed at exploring a wider range of plasma parameters,
with a larger range of LH power levels. This may allow the dependence of the non-thermal
perturbation on a number of plasma parameters, in particular the electron density and tem-
perature and the LH power, to be more precisely quantified.
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